Peptidic foldamers are known to exhibit increased diversity in the periodic secondary-structure space in comparison with their natural counterparts, but their higher-order self-organization has been studied less thoroughly. In theory, large-diameter peptide foldamer helices have the capability of selfrecognition through axial helix-helix interactions (e.g., headto-tail), but this phenomenon has previously been observed in only one instance. In this article we report on the discovery [a] 
Introduction
Foldamers, a class of self-organizing polymers, continue to attract interest as biomimetic [1] [2] [3] [4] and bioactive materials. [2, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Although the formation of secondary structures of peptidic foldamers has been thoroughly studied, their higher-order self-organization (tertiary and quaternary structures) and its effects on the folding propensities are less well understood. It has been shown that peptidic foldamers are able to fold cooperatively into helix bundles; [20] β-and α,β-peptide sequences that were disordered at low concentrations have recently been shown to form quaternary structures through self-assembling helical building blocks. [21] [22] [23] [24] Infinite pleated sheet aggregates were also observed, which eventually appeared in the form of nanostructured fibrils. [25] [26] [27] [28] [29] These processes are very similar to those leading to the formation of solvophobic interaction-driven tertiary/ quaternary structures observed for natural proteins. Although peptidic foldamers exhibit greatly increased diversity in the periodic secondary-structure space as compared with their natural counterparts, the question of whether these intriguing sequences are able to demonstrate modes of cooperative folding that have previously not been seen or only rarely for natural chains is still under investigation.
Peptidic foldamers have the ability to form helices with relatively large diameters, [30, 31] which, in theory, can partici-of the largest-diameter β-peptidic mixed helix to date, the H18/20 P helix. Its formation is solvent-dependent and its folding occurs cooperatively through head-to-tail self-assembly in solution. These findings suggest that axial helixhelix interactions can serve as a new mode for the formation of tertiary/quaternary structures for peptide foldamers, which also show higher-order structural diversity than natural proteins.
pate in stable axial (e.g., head-to-tail) interactions through backbone hydrogen bonds and side-chain interactions. This phenomenon can be observed in gramicidin A, for example, in which axial self-recognition takes place in the membrane environment. [32] In peptidic foldamers, axial helix-helix interactions were recently observed in the self-association of the β-peptidic H12 helix to form the large-diameter β-H18 helix. [33] In this work we report on the serendipitous discovery of the largest-diameter β-peptidic mixed helix known to date, the β-H18/20 helix, the formation of which is solventdependent and its folding occurs cooperatively through head-to-tail interactions in solution.
Results and Discussion
The β-H10/12 helix, [34] constructed from cis-2-aminocyclopentanecarboxylic acid (cis-ACPC) units, [28] is a pseudosymmetric system. Its stereochemically alternating backbone can geometrically form both right-and left-handed helices, but the sequence [(1S,2R)-ACPC-(1R,2S)-ACPC] 3 -NH 2 (1) forms only the stable β-H10/12 P helix (right-handed). For stereochemical reasons, inversion of the backbone configurations of the sequence results in the mirror image (2) , which should form an M-type helix (left-handed). According to the stereochemical patterning approach introduced earlier, [30, 31] this operation is equivalent to shifting of the backbone configuration pattern with a monomer unit. Our starting hypothesis was that manipulation of either the C or N terminus would result in a deterministic transfer of chiral information along the chain by changing the helix sense, but that the H10/12 helical structure would be retained. It has been repeatedly shown that the N terminus of a peptidic chain has a profound effect on its propensity towards helix formation [35, 36] and the helical sense. [37, 38] To test the presumed effects of changing the N terminus on the handedness of the β-H10/12 helix, new sequences were synthesized (Scheme 1) by the N-capping of 2 with an acetyl group (3), a stereochemically matching cis-ACPC (4) or by the N-capping of 4 with an acetyl group (5) . These compounds were synthesized on a solid support by means of Fmoc chemistry. The effects of N-capping were monitored first by electronic circular dichroism (ECD) spectroscopy. It is clear from the data obtained for 1 and 2 that the frame-shift in the configuration pattern results in mirror-image ECD spectra ( Figure 1 ), which indicates the expected opposite handedness (left) of the β-H10/12 M helix. Acetylation of the N terminus furnished a similar, but considerably lowerintensity Cotton effect for 3, which may indicate that the β-H10/12 conformation is still present, but either the amount of disorder has increased or both the right-and left-handed conformations are present. For 4, the additional stereochemically matching cis-ACPC unit at the N terminus led to a positive Cotton effect, which indicates that it is a righthanded helix. N-Acetylation of the this chain (5) again led to the predominance of a left-handed helix, but the ECD response was of lower intensity. These findings support our hypothesis that the N terminus plays a crucial role in the formation of the β-H10/12 helix and that control over the handedness of the helix can be achieved by manipulating the N-terminal residue. Figure 1 . ECD spectra recorded in MeOH for a 1 mm solution of 1 (dashed black, taken from ref. [28] ), 2 (solid gray), 3 (solid black), 4 (dotted black) and 5 (dashed gray).
NMR investigations revealed good signal resolution for 2-5, and direct measurement of the NH/ND exchange rates in CD 3 OD indicated the presence of predominantly folded structures (see Figures S1-S4 in the Supporting Information). Relatively high exchange rates were observed for 3, but the signal decay was still acceptable for an overall folded state. This was supported by the ECD and NOE results. ROESY experiments were performed to acquire highresolution structural data. Characteristic C β H i -NH i+2 (i = even number) and NH i -C β H i+2 (i = odd number) longrange NOE interactions were observed for 2, 3 and 5 in both CD 3 OH and [D 6 ]DMSO, which strongly supports the predominance of the H10/12 M (left-handed) helix. In addition, the vicinal couplings for NH i -C β H i are in good agreement with the H10/12 M helix (see Tables S1 and S2 in the Supporting Information). Cross-peaks relating to the P helix (right-handed) or other inconsistent NOE interactions were not observed. This indicates that the relatively low ECD intensities exhibited by the acetylated chains are not a result of significant disorder or multiple conformations.
Analysis of the ROESY spectra revealed solvent-dependent NOE patterns for 4. Previously unreported NOE interactions were observed in CD 3 OH: long-range NOEs arising from C β H i -NH i+4 (i = odd) and NH i -C β H i+4 (i = even) interactions could be clearly identified (Figure 2 Figure 2 ). The initial structure refinement with a single chain and the full set of NOE-derived distance restraints revealed that the regular i-i+4 interactions are mutually exclusive with the last three NOEs. Because the 3 J(NH i -C β H i ) couplings exhibit the pattern expected for a well-folded mixed helix (see Table S3 in the Supporting Information) and the NH/ND exchange rates are low ( Figure S3 ), we adopted the hypothesis that the outlier NOEs are of interchain origin. The repeated conformational search with only the regular i-i+4 restraints and subsequent manual docking of the secondary structure units led to the conclusion that the observed NOE pattern is in full agreement with H18/20 P (right-handed) helices assembled through head-to-tail interactions (Figure 3 ). This finding is in accord with the positive Cotton effect observed in the ECD spectrum, the intensity of which cannot be directly compared with those of 1 and 2. In contrast to the observations in CD 3 OH, only i-i+2 NOEs were observed for 4 in [D 6 ]DMSO. Some of the interactions (NH 1 -C β H 3 , C β H 2 -NH i+4 and C β H 4 -NH i+6 ) indicate the presence of an H10/12 P helix, but a C β H 5 -NH i+7 interaction was found at the C terminus, which is a sign of an M-type fold. The undetermined secondary structure could also be seen in the loss of the alternating pattern of the 3 J(NH i -C β H i ) values. The most likely explanation for this lies in the presence of both screw senses and partially folded states along the chain because N-terminal helix nucleation is less effectively propagated in [D 6 ]DMSO. Moreover, the NMR findings support the view that the formation of the large-diameter H18/ 20 P helix is coupled to the head-to-tail association in CD 3 OH. The high-resolution model in Figure 3 reveals that the helix-helix interactions are stabilized by four interchain hydrogen bonds, NH 8 -NH 1 , NH 2 -CO 5 , NH 7 -CO 2 and NH 4 -CO 7 , which are efficiently disrupted in the chaotropic [D 6 ]DMSO. The helical self-association of 4 in CD 3 OH was further investigated by concentration-dependent DOSY NMR spectroscopy. The apparent aggregation number was 3 at a concentration of 100 μm, which rose to 8 at 1 mm (see Figure S6 in the Supporting Information). Sequences 2, 3 and 5 did not exhibit self-association in the solution phase.
To explore the effect of self-association on the secondary structure, concentration-dependent ECD spectra were recorded ( Figure 4 ). Upon dilution in the range 1 mm to 100 μm, no significant change was observed. Although the DOSY NMR spectroscopic data indicate a decreasing aggregation number, the interchain association was still predominant, as reflected in the ECD spectra. Below 100 μm, the concentration had a marked effect on the ECD response, the normalized intensity of the positive band decreased and a redshift of the Cotton effect was detected. Unfortunately, high-resolution structure could not be determined at 10 μm. We speculate that the observed ECD spec- trum can be explained by increasing disorder as the structure partially refolds into the H10/12 helix, possibly forming both P and M helices, a phenomenon similar to that found in [D 6 ]DMSO. These findings strongly support the view that head-to-tail self-association makes a crucial contribution to the stability of the large-diameter H18/20 P helix and that axial helix-helix interactions occur in a cooperative manner. 
Conclusions
In accordance with our starting hypothesis, manipulation of the N terminus of 2 resulted in a deterministic transfer of chiral information along the mixed helix by changing the helicity of the chain. This phenomenon, however, could also be observed by changing the chain length and solvent. N-Acetylation of the left-handed hexameric sequence (3) changed neither the helix geometry nor the screw sense. Elongation of the chain at the N terminus with a stereochemically matching cis-ACPC residue (4) resulted in a predominantly right-handed helix conformation in MeOH. Moreover, concentration-dependent refolding to yield β-H18/20 P was observed, which is the largest-diameter foldameric helix described so far. Although the β-H10/12 helix and its screw sense were affected by the terminal residue in DMSO, stereochemical information did not fully propagate along the chain in this chaotropic solvent. The NMR results obtained in CD 3 OH strongly suggest a head-to-tail helix-helix association, and the concentration-dependent ECD spectra provided evidence for the cooperative formation of a secondary structure and self-assembly. Together with our earlier observations on the head-to-tail interactions and self-association accompanying the formation of the β-H18 helix, we can conclude that these coupled folding and self-assembly processes with axial helix-helix interactions offer a general route to the formation of tertiary/ quaternary structures for these large-diameter foldameric helices.
Experimental Section
Peptide Synthesis: Foldamers 2-5 were synthetized by using a standard solid-phase technique involving 9H-fluoren-9-ylmethoxycarbonyl (Fmoc) chemistry. The peptide chains were elongated on TentaGel R RAM resin (0.19 mmol g -1 ) and the syntheses were carried out manually on a 0.1 mmol scale. Couplings were performed with HATU/DIPEA {HATU = [2-(7-aza-1H-benzotriazol-1-yl]-1,1,3,3-tetramethyluronium hexafluorophosphate, DIPEA = N,N-diisopropylethylamine} without difficulties. The peptide sequences were cleaved from the resin with 95 % trifluoroacetic acid (TFA) and 5% H 2 O at room temperature for 3 h. The TFA was then removed and the resulting free peptides were solubilized in aqueous AcOH (10 %), filtered and lyophilized. The crude peptides were investigated by RP-HPLC, using a Phenomenex C18 column (4.6 ϫ 250 mm). The solvent system used was TFA (0.1 %) in water (A), TFA (0.1 %) and MeCN (80 %) in water (B); gradient: 5Ǟ100 % B over 35 min, flow rate 1.2 mL min -1 , detection at 206 nm. The above peptides were purified on an HPLC system with a Phenomenex C18 column (10 ϫ 250 mm). The appropriate fractions were pooled and lyophilized. The purified peptides were characterized by mass spectrometry with an Agilent 1100 LC-MSD trap mass spectrometer equipped with an electrospray ion source. The spectra were recorded in positive ionization mode, scanning in the range m/z = 100-2200. The following molecular weights were deter- NMR Experiments: NMR measurements were performed with a Bruker Avance III 600 MHz spectrometer with a multinuclear probe with a z-gradient coil in 0.1-1 mm CD 3 OH and [D 6 ]DMSO solutions at 298 K. The ROESY measurements were carried out with the WATERGATE solvent suppression scheme for the ROESY spinlock and mixing times of 225 and 400 ms were used; the number of scans was 64. The TOCSY measurements were per-formed with homonuclear Hartmann-Hahn transfer with the MLEV17 sequence with a mixing time of 80 ms; the number of scans was 32. For all the 2D NMR spectra, 2024 time domain points and 512 increments were applied. Processing was carried out by using a cosine-bell window function with single zero-filling and automatic baseline correction. The DOSY (PFGSE) NMR measurements were performed by using the stimulated echo and longitudinal eddy current delay (LED) sequence with water suppression. A time of 2 ms was used for the dephasing/refocusing gradient pulse length (δ) and 250 ms for the diffusion delay (Δ). The gradient strength was changed quadratically (from 5 to 60-95 % of the maximum value with a B-AFPA 10 A gradient amplifier) and the number of steps was 16. Each measurement was performed with 64 scans and 2K time domain points. For the processing, an exponential window function and single zero-filling were applied. During the diffusion measurements, the temperature fluctuation was less than 0.1 K. Prior to the NMR scans, all the samples were equilibrated for 30 min. DOSY spectra were processed and evaluated by using the exponential fit implemented in Topspin 3.1. [39] The aggregation numbers were calculated from the Stokes-Einstein equation and cholesterol was utilized as an external volume standard.
ECD Spectroscopy: ECD spectra were measured with a Jasco J815 spectrometer at 25°C in a 0.02 cm cell. The baseline spectrum recorded of only the solvent was subtracted from the raw data. The concentration of the sample solutions was 1 mm and for the concentration-dependent measurements, concentrations of 25 μm to 1 mm were used in CD 3 OH. Ten spectra were accumulated for each sample. Molar ellipticity, [Θ], is given in units of deg cm 2 dmol -1 . The data were normalized for the oligomer concentration and the number of chromophores.
Molecular Mechanics Calculations:
Molecular mechanics simulations were carried out in the Molecular Operating Environment (MOE) of the Chemical Computing Group. For the energy calculations, the MMFF94x force-field was used without a cut-off for van der Waals or coulombic interactions, and the distance-dependent dielectric constant (ε r ) was set to ε = 1.8 (corresponding to MeOH). Conformational sampling was performed by hybrid Monte-Carlo (MC) molecular-dynamics (MD) simulation (as implemented in MOE) at 300 K with a random MC sampling step after every 10 MD steps. The MC-MD simulation was run with a step size of 2 fs for 20 ns, and the conformations were saved after every 1000 MD steps, which resulted in 10 4 structures. For the NMR-restrained simulation, the upper distance limits were calculated by using the isolated spin-pair approximation and classified according to the standard method (strong 2.5 Å, medium 3.5 Å and weak 5 Å). The lower limit was set to 1.8 Å. Restraints were applied as a flat-bottomed quadratic penalty term with a force constant of 5 kcal Å -2 . The final conformations were minimized to a gradient of 0.05 kcal mol -1 and the minimization was applied in a cascade manner by using the steepest-descent conjugate gradient and truncated Newton algorithm.
Ab Initio Calculations:
The optimizations were carried out in two steps by using the Gaussian 09 [40] program: first by using the HF/ 3-21G basis set and then by using density-functional theory at the B3LYP/6-311G** level of theory with a default set-up.
Supporting Information (see footnote on the first page of this article): NH/ND exchange, TOCSY and ROESY spectra, DOSY NMR data and scalar couplings for all sequences studied, ECD spectra recorded in H 2 O, ab initio geometries, HPLC, ESI-MS, 1 H and 13 C NMR characterizations together with NMR assignments.
